We describe the production and analysis of clonal cell lines in which we have overexpressed human profilin, a small ubiquitous actin monomer binding protein, to assess the role of profilin on actin function in vivo. The concentration of filamentous actin is increased in cells with higher profilin levels, and actin filament half-life measured in these cells is directly proportional to the steady-state profrin concentration. The distribution of actin flaments is altered by profihin overexpression. While parallel actin bundles crossing the cells are virtually absent in cells overexpressing profflin, the submembranous actin network of these cells is denser than in control cells. These results suggest that in vivo profilin regulates the stability, and thereby distribution, ofspecific dynamic actin structures.
In nonmuscle cells, actin functions as an adenine nucleotide triphosphatase, cycling between monomeric and filamentous conformations. The actin cytoskeleton of nonmuscle cells can undergo dramatic reorganization in response to extracellular agonists (1, 2) . This restructuring of the actin cytoskeleton is controlled by actin-binding proteins (3) . Profilins are ubiquitous actin-, polyproline-, and inositol phospholipid-binding proteins (4) (5) (6) (7) . The interaction of profilin with actin monomers has been characterized in vitro: profilin inhibits the nucleation of new filaments, sequesters actin monomers, shuttles actin subunits toward the high-affinity end of filaments, and increases exchange and reduces hydrolysis of the nucleotide bound to monomeric actin (8) (9) (10) (11) (12) (13) (14) . At high actin-to-profilin ratios, the dominant effect of profilin is to increase by two to three orders of magnitude the off rate of the nucleotide bound to actin (12, 13) .
Based on these observations, under physiological conditions in nonmuscle cells where the actin-to-profilin ratio is high (-5:1), filament turnover is rapid (15) (16) (17) , and ATP is in large excess over ADP, profilin may play a key role in actin assembly by recharging with ATP the ADP-actin monomers produced by depolymerization of actin filaments (13) . The affinity of thymosin (4 (the most abundant actin monomer binding protein in many cells) for ATP-actin monomers is much greater than for ADP-actin monomers (18) . Thus, thymosin ,/4 selective interaction with ATP-actin monomers should further target profilin towards the ADP-actin subunits produced by filament turnover.
This study examines the role of profilin on actin dynamics in vivo. We have obtained stable overexpression of human profilin in Chinese hamster ovary (CHO) cells and have examined the effect of a steady-state increase in profilin concentration on actin dynamics.
MATERIALS AND METHODS Production of Stable Clonal Lines Overexpressing Profilin.
We constructed two profilin expression plasmids: (i) LK-HPS. The human profilin cDNA (19) , a gift from D. J. Kwiatkowski (Harvard University), was inserted into the Sal I-BamHI site of the eukaryotic expression vector LK444 (20) , which contains the 3-actin promoter and encodes constitutive resistance to G418 (GIBCO/BRL). (ii) pCMVprofilin. The human profilin cDNA was inserted into the unique EcoRV-BamHI sites of the pCMV expression vector, which uses the promoter from the immediate early region of human cytomegalovirus (a gift from E. R. Fearon, Yale University).
For the first transfection, CHO cells grown in a-MEM (GIBCO) with 10% fetal calf serum supplemented with penicillin (100 units/ml) and streptomycin (100 ,ug/ml) (complete medium) were transfected at 50o confluence with Lipofectin (GIBCO/BRL) and either 2 Mg of LK-HPS or 2 jug of the expression vector alone. On day 3, selection of clones was initiated with G418 (maintenance dose, 0.25 mg/ml), and clonal lines were expanded from microtiter wells. For the second transfection, selected overexpressing clonal lines were retransfected with pCMV-profiin (10 pg) together with the hygromycin-resistance vector pG5Elb-Hygro (1 ,ug) (21), using Lipofectin. Control cells were transfected with pCMV (without profilin cDNA; 10 tag) and the hygromycinresistance vector (1 pug). Clonal lines were selected in complete medium supplemented with neomycin (0.25 mg/ml) and hygromycin (0.25 mg/ml) and then expanded.
Protein Quantitation. Washed confluent cells (8 x 107 cells for Coomassie blue-stained gels, 107 cells for Western blots) were extracted with melting ice-cold lysis buffer [15 mM Hepes (pH 7.0), 145 mM NaCl, 0.1 mM MgCl2, 10 mM EGTA, 0.5% Triton X-100, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride, and protease inhibitors (chymostatin, leupeptin, antipain, and pepstatin each at 20 pg/ml)], transferred to polycarbonate tubes (Beckman, 1 ml), and sonicated (10 sec, Branson Sonifier 450, energy level 1-2). Protein concentration in each extract was determined by Bradford assay, and extracts were normalized for total protein content (12) .
Profiin Quantitation. To quantitate profilin on Coomassie blue-stained gels, extracts were centrifuged (100,000 x g for 30 min, 4°C in 1-ml tubes) in a Beckman TLA-100.2 rotor, and profilin in the supernatants (which contain -99% of cellular profilin) (12) was concentrated on poly(L-proline) beads, boiled in SDS sample buffer (12) , and analyzed by SDS/ acrylamide gel electrophoresis (4-20% gradient), together with purified profilin standards. The gels were stained with The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
Coomassie blue, and the intensity of the profilin bands was measured by densitometry and compared to standards.
Profilin was also quantitated on Western blots. Profilin from poly(L-proline)-concentrated samples or whole-cell extracts was probed with affinity-purified rabbit polyclonal IgGs against human profilin (dilution, 1:1000). Where indicated, two additional profilin antibody preparations were used at the same dilution: (i) a rabbit antibody against the human profilin peptide LVGKDRSSFY, which was crosslinked to an octabranched matrix core (Research Genetics, Huntsville, AL) (22) ; (ii) a rabbit antibody raised against whole recombinant human profilin (a gift from D. A. Kaiser and T. D. Pollard, Johns Hopkins University). The blots were developed on chemiluminograms (ECL; Amersham), using horseradish peroxidase-labeled IgGs (HyClone), at a dilution of 1:500. The profilin bands were measured by densitometry, using profilin standards on the same chemiluminograms.
Actin Quantitation. Total actin was measured on Western blots, using an actin-specific monoclonal antibody (clone C4; 1:1000 dilution; ICN) (23) and the ECL method. The fraction of polymerized actin was measured by extracting 107 cells in lysis buffer (500 pl) supplemented with a saturating concentration of rhodamine phalloidin (1.0 pM; Molecular Probes), which has been shown to prevent depolymerization of filaments occurring after detergent extraction (24) . The extracts were centrifuged (Beckman TLA 100.2 rotor, 1-ml tubes, 200,000 x g for 30 min at 4°C), and the pellets were rinsed (but not disrupted) once with lysis buffer without rhodamine phalloidin and then resuspended in 200 Au of methanol. After 2 hr, methanol extracts were transferred to 96-well plates (Corning; flat bottom, low protein binding), and fluorescence for each sample was measured in CytoFluor 2300 (Millipore; with excitation and emission wavelengths of 530 nm and 590 nm, respectively), together with a standard curve of known rhodamine phalloidin concentrations to calculate the F-actin concentration in each sample.
Fluorescence Microscopy. To study F-actin, cells were seeded in six-well plates with sterile coverslips (22 mm2), grown for 48 hr, fixed for 30-60 min [3.7% formaldehyde in phosphate-buffered saline (PBS)], and then permeabilized with 0.2% Triton X-100 in PBS for 5 min (25) . Actin filaments were labeled for 21 min in the dark by inverting the coverslips on top of a 200-4p droplet of rhodamine phalloidin (0. 2 ,uM) in PBS, which was enough to saturate all phalloidin binding sites. The unbound rhodamine phalloidin was washed with PBS (2 ml for 5 min followed by 6 ml for 12-28 hr). The coverslips were mounted using 13 ,ul of Vectashield mounting medium (Vector Laboratories) and then kept in the dark at 4°C until microscopic analysis (Zeiss) and photography (Kodak Ektachrome 400X films).
To detect profilin, formaldehyde-fixed cells were permeabilized using either Triton X-100 in PBS (0.2%) or a quick dip (7 sec) in -20°C acetone. After incubation in PBS containing 2% (wt/vol) bovine serum albumin (BSA; Sigma) for 30 min, the coverslips were then placed on top of a droplet (200 ,ul) of anti-profilin antibody (1:200 dilution). Three separate profilin antibody preparations were used for these experiments (see quantitation of profilin). After 1 hr, the coverslips were washed in PBS/BSA (30 min) and then placed on top of a droplet of fluorescein isothiocyanate-labeled goat antirabbit immunoglobulins (Sigma) for 1 hr (1:50 dilution). Coverslips were rinsed twice in PBS/BSA, then washed overnight in PBS/BSA at 4°C, and rinsed again prior to mounting on slides with Vectashield and microscopy. Controls for specificity of the staining were obtained by omitting the first antibody or using corresponding preimmune serum in place of the first antibody (at 1:200 dilution).
"Caged" ResorufLn-Actin Assay. We used the fluorescence photoactivation technique to test the stability of actin filaments within the various clonal cell lines. Purified rabbit muscle actin monomers covalently labeled with a caged fluorochrome (caged resorufin) were microinjected into cells where they are incorporated into filaments. Activation of the fluorochrome with a beam of 360-nm ultraviolet light marked an area of the filament network, and observation of the fate of this area by fluorescence videomicroscopy allowed the measurement of filament turnover and/or movement.
Clonal cell lines grown on acid-washed glass coverslips were transferred to an aluminum chamber held at 370C by a circulating water bath. Cells were studied in F-12 medium with 5% fetal calf serum, 20 mM Hepes, penicillin (100 units/ml), and streptomycin (100 1ig/ml), and the medium was covered with a layer of silicon oil to minimize evaporation. Cells were injected with caged resorufm-actin at 4 mg/ml; 5-10% of the cell volume was injected. The injected cells were incubated for min, and then photoactivation and imaging of resorufm were performed as described (16 (19) regulated by the 1-actin promoter expressed profilin concentrations 1.5-4.1 times control levels (Fig. 1) . The profilin concentration within the three cell lines transfected with the expression vector lacking the cDNA insert was similar to control cells. Out of the original nine clonal lines, we selected three representative clones for detailed studies. Clonal line 2-II (control) was transfected with the expression vector alone, whereas clonal lines 1-II and 1-V (overexpressing) were transfected with the profilin cDNA construct.
Profilin concentration was found to be stable in these clonal lines for 24 months (data not shown). Densitometric analysis of the bands corresponding to profilin reveals that overexpressing clones 1-II and 1-V contained 17.7 ,M and 34.4 ,uM profilin, respectively, whereas 8.4 ,uM profilin was present in control clone 2-II. To generate clonal lines with even higher profilin levels, we performed a second transfection of clonal line 1-V with another vector-pCMV-profilin (Fig. 2) . Control line 2-II was transfected with pCMV expression vector without profilin cDNA. Although CHO cells grew slightly slower in the presence of hygromycin (used for selection after second transfection), in no instance was the rate of growth of clonal lines noticeably affected by profilin overexpression (data not shown).
Effect of Profifin on Actin. The total actin concentration was not affected by profilin overexpression in the clonal cell lines (Fig. 1) . The molar ratio of total actin to total profilin concentration ranged from 2:1 to 18:1, although the exact amount of each protein free to interact with the other is unknown. Unexpectedly, stable profilin overexpression increased the F-actin concentration in CHO cells (Fig. 3A ). An 8.7-fold increase in profilin concentration caused the fraction of polymerized actin to nearly double.
Moreover, the stability of actin filaments was directly proportional to profilin cellular concentration. Using caged resorufin-actin (16) (Fig. 4) .
Profilin in control CHO cells was present in the cytoplasm (Fig. 5) , with marked immunostaining of the perinuclear region, which corresponded to the thickest area of the cells. Profilin displayed a speckled distribution, characterized by multiple profilin "spots" of various intensities. At the periphery, where membrane ruffling is pronounced in CHO cells, the staining for profilin seemed increased, which could be due to increased thickness of the edge of the cells or to the Proc. Natl. Acad. Sci. USA 91 (1994) specific accumulation of profilin in this area (27) , a possibility supported by confocal microscopy studies (28) .
In cells from control clone 2-II stained for both profilin and actin, we observed that actin filaments were organized in parallel bundles crossing the central region at the bottom of the cells, while peripheral actin filaments formed a dense network with some patchy structures (Fig. 5) . When cells expressing various levels of human profilin were grown side by side, we observed that high profilin concentrations were associated with reduced density of parallel actin bundles, a finding consistent with those obtained with profilin microinjection experiments (29) . However, in overexpressing cells, bright F-actin staining was seen at the periphery of the cells, in areas that may correspond to membrane ruffling (Fig. 4) . Thus, the observed stabilizing effect of profilin on F-actin seemed to be selective for specific actin superstructures. Moreover, large fractions of the profilin in overexpressing cells appeared concentrated just behind the submembranous actin network, in areas where F-actin was almost excluded. It was therefore unlikely that the effect of profilin on F-actin stability and density resulted mainly from the direct interaction of profilin with actin filaments. Microinjection of purified profilin-actin complexes in normal rat kidney cells provided additional evidence for the facilitating effect ofprofilin on the generation of specific actin structures (29) . The rapid and marked increase in F-actin following the introduction in the cytoplasm of actin monomers complexed to profilin is consistent with these complexes representing a readily available source of actin subunits, poised for efficient association into filaments. This result contrasted with the effect of microinjection of large concentrations of profilin alone, which was associated with the selective disruption of actin stress fibers.
DISCUSSION
We used stable overexpression techniques to increase profilin concentration in CHO cells and characterize its effect Cell Biology: Finkel et al. on the actin cytoskeleton. Three properties of actin structures were altered by profilin overexpression: (i) actin filament stability was increased in proportion to profilin concentration, (ii) profilin overexpression altered the distribution of F-actin, and (iii) the concentration of F-actin was proportional to the profilin concentration. Taken together, our results confirm that profilin regulates actin dynamics in vivo and provide evidence that the distribution of actin dynamic structures in cells might be regulated by profilin, as a result of the stabilizing effect of profilin toward actin filaments. These findings are consistent with studies on the actin-based motility ofListeria monocytogenes in cells and in reconstituted cell extracts, where profilin concentration is limiting for the process of "actin-tail" formation and bacterial locomotion (32) .
It is likely that adaptation of cells to higher profilin concentrations occurs with stable overexpression, with possible reduction of the concentration of other actin monomer binding proteins. With regards to cellular adaptation to higher profilin levels, the total actin concentration was not detectably affected by profilin overexpression (Fig. 1) . Previous studies on human hepatoma Hep G-2 and mouse myogenic BC3H1 and C2C12 cell lines have indicated that profilin and actin can be differentially regulated (33) .
Our data indicate that an actin monomer binding protein like profilin can regulate actin dynamics by mechanisms other than the previously proposed "sequestration" of actin monomers. Several mechanisms could account for the stabilization of actin filaments by profilin: (i) the filament barbed-end off rate of actin subunits shuttled by profilin may be slower; (ii) profilin may outcompete the effect of destabilizing protein(s) for F-actin, proteins that may affect actin at the monomeric or filamentous level (34) ; (iii) profilin may promote the interaction of stabilizing protein(s) with filaments; (iv) profilin, acting as a nucleotide exchanger protein, may prevent the addition to the barbed end of filaments of ADP-actin subunits, which have a higher critical concentration than ATP-actin subunits (35, 36) . Further studies will be necessary to define which mechanism (or combination thereof) is responsible for the observed effect of profilin overexpression on actin stability. Nevertheless, our data suggest an additional mechanism to link cell signling to actin reorganization. The actin organization found in cells expressing high profilin levels resembles that observed in cells responding to growth factors like platelet-derived growth factor or expressing a transforming isoform of Ras, where stress fibers are rare and membrane ruffling is increased (Fig. 4) . The steps connecting growth factor receptors, small GTP-binding proteins, and actin are still unknown, but it is tempting to speculate that profilin functions downstream from these proteins to activate and stabilize specific actin structures in strategic area of the cell (7, (37) (38) (39) . The gradient of profilin across activated cells may depend upon molecules like phosphatidylinositol bisphosphate (5) (6) (7) 40) , which contribute to profilin distribution. Additional experiments will be needed to characterize the effect of profilin overexpression on inositol phospholipid concentration in membranes from transfected cells (41, 42) .
